University of Connecticut

OpenCommons@UConn
Master's Theses

University of Connecticut Graduate School

8-9-2020

The Role of Beta-hydroxybutyrate Supplementation in a
Drosophila Model of Traumatic Brain Injury
Derek Lee
derek.lee@uconn.edu

Follow this and additional works at: https://opencommons.uconn.edu/gs_theses

Recommended Citation
Lee, Derek, "The Role of Beta-hydroxybutyrate Supplementation in a Drosophila Model of Traumatic Brain
Injury" (2020). Master's Theses. 1547.
https://opencommons.uconn.edu/gs_theses/1547

This work is brought to you for free and open access by the University of Connecticut Graduate School at
OpenCommons@UConn. It has been accepted for inclusion in Master's Theses by an authorized administrator of
OpenCommons@UConn. For more information, please contact opencommons@uconn.edu.

The Role of Beta-hydroxybutyrate Supplementation in a
Drosophila Model of Traumatic Brain Injury

Derek Christopher Lee
B.S., University of Connecticut, 2018

A Thesis
Submitted in Partial Fulfillment of the
Requirements for the Degree of
Master of Science
University of Connecticut
2020

APPROVAL PAGE
Masters of Science Thesis

The Role of Beta-hydroxybutyrate Supplementation in a
Drosophila Model of Traumatic Brain Injury

Presented by
Derek Christopher Lee, B.S.

Major Advisor__________________________________________________
Anastasios Tzingounis

Associate Advisor________________________________________________
Geoffrey Tanner

Associate Advisor________________________________________________
Jianjun Sun

University of Connecticut
2020

ii

Acknowledgements
I am extremely grateful to the entire Physiology and Neurobiology department for continued
support and mentoring throughout my graduate studies. I want to thank in particular Anastasios
Tzingounis, Rahul Kanadia, and Alexander Jackson for helpful comments and suggestions on my
first publication. Additionally, I want to thank Anouk Olthof, Danielle Caefer, Alix Battison,
Alina Vulpe, and Wei Shen for assistance and guidance in various protocols. I am particularly
thankful for Randall Walikonis, Karen Menuz, Rahul Kanadia, Alexander Jackson, and Daniel
Schwartz for gracious sharing of space, equipment, and supplies. Thank you to Edward
Lechowicz for assistance in videography equipment and software as well as construction of
behavioral arenas, and Thomas Liimatainen of Mt. Holyoke College for assistance in design and
construction of the modified HIT device. Thank you to Joseph LoTurco and Andrew Moiseff for
departmental support. I want to thank all the various members of the Tanner Lab over the last
several years for help with experiments and useful suggestions. Lastly, thank you to my advisors,
particularly Geoffrey Tanner, for his close mentorship and guidance through research techniques
and scientific background.

iii

Abstract
Traumatic brain injury (TBI) is caused by a bump, blow, or jolt to the head. Repeated concussive
head trauma can lead to chronic traumatic encephalopathy (CTE), a neurodegenerative disease
hallmarked by behavioral symptoms including, but not limited to: executive dysfunction,
cognitive defects, poor concentration, and hyper-aggression. In a Drosophila model, we utilized
a high-impact trauma device (Katzenberger et al., 2013) to induce TBI and study resulting
behavioral outcomes. Flies subjected to repeated concussive strikes had significantly increased
aggression, quantified by blinded human scoring, when compared to sham-TBI flies. Strikingly,
flies that were fed 2mm beta-hydroxybutyrate, one of three physiological ketone bodies (KBs),
and received TBI did not exhibit an increase in aggression. We ran a series of controls for
various traumas - including cold shock and electric shock - to ensure that post-TBI aggression
was specific to mechanical trauma. Motility controls demonstrated that flies had no motility
deficits as a result of KB supplementation. Pharmacological agents that manipulated KATP
channels showed that tolbutamide (KATP channel blocker) abrogated KB effects of reducing postTBI aggression, while diazoxide (KATP channel opener) mimicked KBs effect. Through proteome
analysis, we have also found certain calcium binding (CaMK2) and trafficking (LETM1, PMCA)
proteins to be upregulated in flies subjected to TBI while fed on KBs when compared to CD-fed
flies. Lastly, we took FlyTracker software (Eyjolfsdottir et al., 2014) and added code to automate
detection of specific aggression actions as well as duration and latency of these events to
improve speed and eliminate variable bias from human scoring. We conclude that dietary
intervention of beta-hydroxybutyrate can be a potential avenue of treatment for traumatic brain
injury by operating jointly through several mechanisms.
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Chapter 1: Introduction
Traumatic Brain Injury
More than a million people suffer from a traumatic brain injury (TBI) per year in the
United States (Coronado et al. 2005) with that number steadily rising. Traffic accidents are the
most common cause of TBI (60%) (Yuan et al., 2012), followed by falls (20-30%), combatrelated violence (10%), sports injuries (8%), and miscellaneous events. Importantly, these are
rough approximations of prevalence which vary heavily by country (e.g. Less prevalence of
contact sports or combat experience).
TBI is classified into three classes: mild, moderate, and severe. These classifications are
ranked predominantly by extent of physical damage (via evaluation of primary injury and
imaging) in addition to behavioral and somatosensory indications (Ghandour et al., 2018). There
are extensive criteria used to examine a TBI patient including but not limited to: Loss of
Consciousness (LOC) duration, Alteration of Consciousness/Mental State (AOC) duration, PostTraumatic Amnesia (PTA) duration, and the Glasgow Coma Scale (GCS) which is used to assess
a patient’s level of consciousness following a TBI (Ghandour et al., 2018).
Multiple traumatic brain injuries can lead to neurodegeneration resulting in development
of a neurological disease state called chronic traumatic encephalopathy (CTE) (Omalu et al.,
2005) most often seen in professional athletes, especially American football and boxing, and
combat-exposed military personnel. Symptoms of CTE include, but not limited to: memory
impairment, executive dysfunction, depression, apathy, aggression, and lack of impulse control
(Baugh et al. 2012). CTE is most notably characterized anatomically by depositions of
hyperphosphorylated tau - a microtubule associated protein (MAP) - protein in the form of
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neurofibrillary tangles (NFTs) (Bhaskar et al, 2010). In a healthy system, the tau protein is
involved in a vast array of molecular pathways including cell signaling, synaptic plasticity, and
regulation of genomic stability (Violet et al, 2014). The exact mechanism is unknown, there is
evidence suggesting that tau dysfunction arises as a result of impaired axonal
transport,alterations in synapse and mitochondrial function, activation of the unfolded protein
response in the ubiquitin-proteasome system (David et al. 2002), and defective protein
degradation (Guo et al. 2017).
There has been a significant uptick in research interest regarding TBI with over twothousand published papers in the last year, rising steadily per year (PubMed Statistics, 2020). A
number of different models to induce brain injury in animals models have been developed such
as: rapid acceleration or rotation of the head (Gennarelli et al, 1985), direct and precise cortical
impact to the brain (Dixon et al., 1991), and fluid-percussion methods that rapidly inject fluid to
induce pressure-derived injury to the closed cranium (Sullivan et al., 1976). The number of
species used in TBI research has similarly expanded ranging from rabbits, dogs, sheep, and cats
(Lyeth, 2016) as well as common rodent models. Interestingly, there has also been emerging
research using Drosophila as a closed model of traumatic brain injury (Katzenberger et al., 2013)
featuring the use of a High-Impact Trauma (HIT) device (Figure 1). In our own work, we
adopted and modified this device to produce consistent, reproducible closed-head TBI to
Drosophila that raised aggressive behavior, a commonly observed consequence of head injury
(Lee et al., 2019; Appendix B; see Methods). We favor our model as it does not restrict
movement during the TBI-induction which anecdotal evidence suggests a vast majority of nonsimulated TBIs (car accidents, military experience, contact sports) allow for free body
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movement. Additionally, our model has shown to vastly reduce mortality to enable behavioral
experiments and long-term lifespan studies.
Although the prevalence of traumatic brain injury is high, both treatment and detection
for TBIs and subsequent CTE is heavily lacking. As previously discussed, one hallmark of CTE
progression is the accumulation of hyperphosphorylated tau deposits. However, this method is
only confirmed by a post-mortem analysis (McKee et al., 2009) of brain tissue; thus losing
efficiency and practicality. Despite technological limitations in detection of brain injury, recent
years and on-going research of advanced neuroimaging (Bigler and Maxwell, 2011) has moved
significantly closer to reliably detecting TBI-induced changes. A second method of detection
comes in the form of brain-derived protein biomarkers, though the heterogeneity of injuries
makes finding both baselines and significant changes challenging (Dadas et al., 2018). Notable
potential targets include glial fibrillary acid protein (GFAP), S100 calcium-binding protein B
(S100B), and ubiquitin carboxyl-terminal esterase L1 (UCHL1).
While experimental methods of detecting TBI is not the focus of this work, it is important
to highlight that while technology is rapidly advancing, there are a number of challenges in this
field as a result of a lack of biological understanding and technological limitations. More
importantly, wide-spread treatment options for TBI are largely focused on preventing secondary
symptoms, such as executive or behavioral tuning (Schumacher et al., 2017), rather than
targeting specific molecular pathways.
One pathway that had previously been explored in TBI is the role of elevated intracellular
calcium levels following TBI. A major cause of secondary injury, or cell-death related injury, in
TBI has been connected to dysregulation of calcium trafficking (Young, 1992). Young and
others (Nilsson et al., 1993) first noted alterations in calcium following TBI by observing
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multiple-fold changes in calcium concentration of cerebrospinal fluid. TBI is, by definition,
caused by a physical insult to the brain (whether it be direct puncture, intracranial pressure, or
contact with the skull) which posits that calcium dysregulation is due in part by mechanical
shearing in axons during primary injury (Maxwell et al., 1993) that both releases calcium stores
as well as increases membrane permeability to larger molecules (Pettus et al., 1994). Increased
membrane permeability to ions will contribute toward a breakdown of ionic gradients important
for maintaining homeostatic membrane potential (Tavalin et al., 1997) which would contribute
toward increased cellular excitability - and toxicity - associated with TBI.
One promising avenue of neuroprotection for TBI patients comes in the form of the
ketogenic diet given its efficacy in other neurodegenerative diseases and limited rodent studies of
TBI (Ying et al., 2011; Yang et al., 2019). Preliminary data in our own lab has shown significant
upregulation in certain calcium trafficking and binding proteins - notably PMCA and LETM1,
and CAMK2, respectively - in a Drosophila model of TBI when fed 2mM of betahydroxybutyrate, a ketone body, for their lives pre- and post-injury while on a typical high
carbohydrate diet. Given the ketogenic diets aforementioned neuroprotection in diseases such as
epilepsy, we sought to apply it to our TBI model.

Overview of the Ketogenic Diet
To mimic the metabolic changes associated with fasting, the ketogenic diet (KD) was
introduced as a treatment for seizures in pharmacologically intractable juvenile cases in the
1920s (Wilder 1921; Wheless, 2008). In epilepsy, KD has been effective in treating seizures
(Bailey et al.2005) likely through reducing excitability in conditions of elevated neuronal firing
(Ma, Berg, Yellen, 2007; Tanner et al. 2011). While extremely effective, the introduction of
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more efficientanti-epileptic drug treatments, such as the discovery of phenytoin in 1938, the
popularity of the restrictive diet declined. However, there is increasing support for the diet in
recent years due to evidence that the KD can have beneficial effects for those suffering from
many different
debilitating neurological disorders (Jackson 2008; Kashiwaya et al. 2013) such as Alzheimer’s
disease and Parkinson’s disease (Kashiwaya et al. 2000).
The ketogenic diet is characterized by a regimen of very low carbohydrate, moderate
protein, and high fat intake (Bailey et al. 2005) that mimics the effects of starvation, otherwise
known as the fasted state. In the fed state, the typical default fuel source in the body, in particular
the brain, is carbohydrates under balanced or excess periods of food consumption.
The ketogenic diet, with this vastly reduced caloric intake from carbohydrate sources (Appleton
and De Vivo, 1973), forces the body to rely on fats to produce the necessary energy through
processes such as the tricarboxylic acid cycle (TCA), gluconeogenesis, de novo lipogenesis
(DNL), and biosynthesis of sterols (Puchalska and Crawford, 2016). The diet gets its namesake
through the production of ketone bodies which are products of fatty acid oxidation in the liver
during metabolism in the fasted state (Masino and Rho, 2012). These ketone bodies typically
remain under 0.5mM in the fed state, exponentially increase to between 3-5mM in the fasted
state, and exceed 15mM in pathological states such as diabetic ketoacidosis.A prevailing
explanation as to the mechanism behind the ketogenic diet’s effects is the KATP-glycolysis
hypothesis that speculates that increased circulating ketone bodies in the blood results in reduced
glycolytic activity (Lutas and Yellen, 2013). This reduction in glycolytic activity leads to
increased activity of KATP channels which help to reduce membrane excitability (Yellen, 2008).
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While several mechanisms will be focused on, it is imperative to keep in mind a full
ketogenic diet is a whole-body change of fuel utilization which produces a host of effects.
Different studies have attributed the KD’s neuroprotection to various aspects including, but not
limited to: reduction of select macronutrients (sugars, carbohydrates), increase levels of
circulating ketone bodies, increased availability of cellular energy via ATP, reduction in reactive
oxygen species (ROS), lowered inflammation, and other minor whole-body changes. Some
changes may be more significantly relevant to neuroprotection given different models, but many
in the field agree that it is most likely a combination of changes.

Ketone Body Metabolism
The typical fate of ketone bodies is to enter metabolic pathways via the utilization of
acetyl-CoA, a fatty acid substrate, in liver mitochondria. Briefly, Acetyl-CoA enters liver
mitochondria via carnitine palmitoyltransferase - an enzyme located proximally to the outer
membrane of mitochondria (Houten et al., 2010). Acetyl-CoA undergoes a series of cleavage
steps, predominantly regulated by the rate-limiting enzyme 3-hydroxy-3-methylglutaryl-CoA
synthase 2 (HMGCS2). HMGCS2 commits Acetyl-CoA to ketogenesis by converting it into
acetoacetyl-CoA (AcAc-CoA), later to be cleaved apart into acetyl-CoA and acetoacetate
(AcAc). AcAc is one of three physiological ketone bodies (KBs) , potentially converting into two
other forms of KBs - acetone and beta-hydroxybutyrate (BHB); the latter being readily measured
in blood as a measure of ketosis in human and rodent studies. These ketone bodies are produced
in the liver and subsequently transported to tissues, such as the heart and brain, via the
circulatory system. BHB and AcAc are transported out of liver mitochondria via the
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monocarboxylate transporter 1/2 (MCT1/2) to be uptaken by extrahepatic cells via the same
transporter (Hugo et al., 2012).
Ketone bodies are very efficient, energy-laden molecules that are used by cells to produce
ATP. Once BHB or AcAc are transported into the mitochondria, they go through several
catabolic steps to return back to Acetyl-CoA. Importantly, this conversion is tightly regulated by
succinyl-CoA coenzyme A transferase, or SCOT, a second rate-limiting enzyme (DittenhaferReed et al., 2015). Acetyl-CoA then enters the TCA cycle as citrate, and later the electrontransport chain, to produce ATP during periods when default nutrients such as carbohydrates are
scarce.

Nonoxidative Fates of Ketone Bodies
Much of the work prior to the last decade revolved around the role of ketone bodies in
metabolic pathways as discussed above. However, there is increasing interest and evidence that
KBs influence cellular function independent of actions as a metabolic substrate (Koppel and
Swerdlow, 2019).
One such action is post-translational modifications (PTMs). Studies have found that the
carbon base of beta-hydroxybutyrate - butyrate - has the ability to influence histone acetylation.
Increased BHB levels have been shown to inhibit histone deacetylases (HDACs) whose normal
function is to wrap tightly around DNA to regulate gene transcription (Shimazu et al., 2013).
This acetylation has implications in a number of transcription pathways mitigating oxidative
stress promoters and regulators - many of which have been studied in TBI models (RodriguezRodriguez et al., 2014).
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Ketone bodies, specifically BHB, have the ability to act as signaling ligands. Even at very
low concentrations relative to the fasted state, BHB can exert agonist effects on HCA2, better
known as the niacin receptor of GPCR 109A (Rahman et al., 2014). This relationship suppresses
cAMP levels to reduce proinflammatory molecules, suggesting that BHB can produce a
beneficial anti-inflammatory effect in select models (Selfridge et al., 2015).
While the exact mechanisms still need to be more thoroughly studied, the ketogenic diet
has been shown to have robust neuroprotective properties. Preliminary studies with the KD have
demonstrated efficacy in rodent models of TBI (Prins et al., 2004; Appelberg et al., 2009) which
have led to our own work with a KB-supplemented diet in a Drosophila model of TBI (Lee et al.,
2019) to reduce aggressive behavior.

Drosophila as a Model for Traumatic Brain Injury
Drosophila melanogaster have been shown to be an increasingly potent model for
studying neurodegenerative diseases such as: Alzheimer’s disease, Parkinson’s disease,
polyglutamine diseases, and tau-associated pathologies (Bonini and Fortini, 2003) which gives
us confidence in our selected model organism. There are many technical advantages of using
Drosophila over vertebrate models; they are easy and inexpensive to culture in laboratory
conditions, have a brief, 2-week life cycle from birth to sexual maturity, produce large numbers
of offspring and can be genetically modified in numerous ways (Jennings, 2011). Additionally, it
is estimated that around 75% of human disease genes have a functional homolog in Drosophila
(Pandey and Nichols, 2011). Due to the previously mentioned advantages, Drosophila satisfy all
the core components required of our study both economically and practically. Drosophila are a
complex multicellular organism in which many aspects of cellular processes and behavior
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parallel those in human beings (Beckingham et al. 2005), and behavioral assays can be fairly
simple and straightforward to execute.
To induce traumatic brain injury (TBI) in our model organism, Drosophila melanogaster,
we designed and built a modified high-impact trauma (HIT) device after the design of Rebeccah
Katzenberger and her colleagues at the University of Wisconsin (Katzenberger et al., 2013,
2015). This HIT device consists of a spring attached to one side of a wooden board, with a vial
containing the flies is connected to the end of the spring. To induce TBI, the spring is drawn
back a designated angle and number of strikes. As a result, all flies in the vial are delivered a
high through-put force and are considered to have a traumatic brain injury.
To assess post-TBI behavioral effects, we used two major behavioral assays, recovery
and aggression, to assess the extent of the effectiveness of our treatment. Our study involves
examining precisely-timed points in post-eclosion development that can be roughly mapped onto
equivalent timepoints in a human lifespan (in that one day of a Drosophila life cycle would
correspond roughly to one year of a human life.)
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Chapter 2: Methods
Fly Husbandry and Strains
All flies used for these experiments were males of the Canton-S wild-type Drosophila
strain. Flies were group-housed on grain- and agar-based food (see below) in standard 8.5-cmlong, 2.5-cm-diameter cylindrical polystyrene vials in an incubator set at 25°C, and on a 12-h:12h light/dark cycle. Following eclosion as adults, flies were not separated by sex on the day of
concussive banging or fictive banging (see TBI Protocol).

Metabolites and Pharmacology
All fly diets were based on a standard Bloomington Formulation diet (termed the “control
diet”; “Nutri-Fly,” Genesee Scientific, San Diego, CA, United States) with 4.9 mL propionic
acid (Fisher Scientific, Hampton, NH, United States) per of liter of food, added as an antifungal
agent. Control diet nutrient ratios were approximately 46.7 carbohydrates:7.4 protein:1 fat by
mass. Ketone body (KB)-supplemented diets contained 2 mM of the KB sodium R-,S-betahydroxybutyrate (β-HB) added to the control diet. This concentration is consistent with
concentrations used in previous in vitro and in vivo studies (e.g., Ma et al., 2007; Tanner et al.,
2011; Li et al., 2017), as well as with those measured in rats on a KD (Appleton and DeVivo,
1974; Jarrett et al., 2008). We found that Canton-S flies’ pre-eclosion development took about 10
days on average, resulting in a total of roughly 15 days on each diet before TBI induction (for
most experiments) and 18 days before aggression testing. Tolbutamide-containing food was
made by adding tolbutamide to the control diet at a concentration of 200mM. Diazoxidecontaining food was made by adding diazoxide to the control diet at a concentration of 0.6mM.
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TBI-induction Protocol
To induce head trauma in flies (as a model for human TBI), we used a variant of the
“HIT” device first described in 2013 (Katzenberger et al., 2013). Our HIT device consists of a
wooden board, with attached spring clamp, spring, and a vial plug with a plunger/stopper to
restrict flies to the base of the vial, a removable fly banging chamber (a vial), and a rubber TBI
pad, backed by a hand-made cardboard protractor to measure the angle at which the spring is
released (Figure 1). For all experiments that were followed by long-term behavioral testing of
lifespan studies, we placed a number (5–20) of day-5 post-eclosion adult flies, without CO2
anesthesia, in an empty cylindrical (2.5 × 8.5 cm) polystyrene fly husbandry vial, and attached
the vial to the HIT device using the stopper on the device. We termed one single concussive
strike on the HIT device a Big Adverse Neurotrauma-Generating event, or “BANG” event; this
acronym (“BANG”) is rendered in lowercase letters throughout the remainder of the text. Flies
were banged under 5 different conditions: 1 bang at a 40° angle as measured on the HIT device
protractor, 4 bangs at 40°, 4 bangs at 90°, 4 bangs at 120°, and 7 bangs at 120°. Successive bangs
were executed within 1–2 s of each other. Notably, this differs from Katzenberger et al. as their
group waited five minutes between strikes. We saw no difference in flies banged with or without
this pause between strikes (data not shown). Control-condition (“unbanged” or “fictively
banged”) flies were placed in the HIT device and then removed, with no banging event. If not
stated, all experiments are conducted at 7 bangs at 120°.
Aggression Assays
Following recovery after induction of concussive trauma in the HIT device, flies were
returned to a fresh food vial in their incubator until day 8 post eclosion (day 3 post-banging),
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when they were subjected to an aggression assay. All flies were returned to the same diets on
which they had previously been reared, except the flies subjected to a dietary switch (see above).
For each aggression assay, two male flies were placed—via buccal aspirator, without CO2
anesthesia—in an enclosed 1.5x1.5x0.5 centimeter behavioral arena, and given several minutes
to acclimate to the chamber. After 2–3 min, a decapitated female was introduced into the
chamber to induce male-male aggression. Activity was recorded on an iPhone6 camera (Apple
Inc., Cupertino, CA, United States) for 180 s from placement of the female into the chamber.
Aggressive behaviors were scored on two different dimensions: frequency of aggressive events,
which included the recording of four aggressive behaviors: fencing (hitting opponents with
forelegs), rearing/lunging, charging at an opponent, and wing flaring while facing an opponent
(an aggressive threat display); and latency to the first recorded aggressive event of any of the
four types. Latency was measured as the time between placement of the female in the chamber
and the first identified unambiguous aggressive event. Scorers were blind to the prior treatment
condition of the flies being tested, recorded, and scored.
For assays with automated behavioral scoring via FlyTracker software (Eyjolfsdottir et
al., 2014), two male flies were placed in an identical chamber as described previously. Females
were found to not significantly alter aggressive behavior and omitted to prevent the software
from tracking the female body.

Negative Geotaxis Assay
For negative geotaxis assays, 10 flies were placed in a closed cylindrical chamber made
of two empty husbandry vials taped together at their open ends and inscribed with height
markings in units of 1-cm increments. Flies were gently tapped to the bottom of the upright
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chamber, at which point their progress in climbing upwards against gravity (negative geotaxis)
was recorded on an iPhone8 camera (Apple Inc., Cupertino, CA, United States) under dim red
light to avoid the confound of positive phototaxis. Two parameters were recorded from the
moment of down-tapping (denoted time zero): average percentage of flies to reach 6 cm height
climbed after 10 s, and the average height climbed after 30 seconds. Flies were banged at 7
bangs-120° on day 5 post-eclosion and tested for motility on day 8 post-eclosion.

Mortality Index post-TBI
For short-term mortality studies, we determined the mortality index 24 h after TBI
induction (percent of flies dead after 24 h; termed “MI-24”, after Katzenberger et al., 2013). Sets
of experimental flies of ages 0–5 days post-eclosion were subjected to the 7 bang-120° TBI
protocol. Other sets of experimental flies of only ages 0 and 5 days post-eclosion were subjected
to fictive banging. For each condition of age, diet, and banging, approximately half of the vials
were transferred to the HIT device with CO2 anesthetization and half were transferred without
CO2 anesthetization five minutes prior to concussive events (banging). Additionally, roughly half
of the flies were raised on the control diet till the day of banging; half on KB-supplemented food.
For flies banged at 7 bang-120°, between 4 and 15 vials (median 8 vials) containing between 6
and 34 flies per vial (median 23 flies) were used for each condition of age, diet, and anesthesia.
For unbanged (fictively banged) flies and flies banged at 4 bang-40°, exactly 8 vials each
containing 20 to 27 flies per vial were used for each condition of age, bang, diet, and anesthesia.
After fictive banging or recovery from banging, flies were returned (without anesthesia) to fresh
food vials containing the diet on which they were raised. 24 h later, the number of total flies and
number of dead flies in each vial was recorded and the percentage of dead flies calculated and
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reported as the MI-24. Because the use of CO2 anesthesia prior to banging appeared to increase
mortality (see Table 1), we did not use CO2 for any other subsequent experiments.
Lifespan Protocol
For long-term longevity studies, we used four groups of flies—each group numbering 10
males in each of 5 vials—and recorded longevity observations for all four groups
simultaneously, in parallel: experiments were initiated on the same date and started from day 0
post-eclosion for all flies. We performed this assay on two separate occasions and pooled the
data, resulting in 100 males total per group. Group conditions were: banged, control diet (CD);
banged, KB-supplemented diet (KB); unbanged, CD; unbanged, KB. Banged flies were
subjected to the 7 bang-120° TBI protocol without CO2 anesthesia on day 5 post eclosion, then
returned to fresh food vials containing the diet on which they were raised. Number of dead flies
in each vial was recorded until all flies were dead.
Histology for Anatomical Scoring
For cryostat preparation, flies were group-housed and separated on day 8 or day 20 posteclosion (3 days or 15 after day-5 bang or fictive bang). Male flies were selected out and put on
dry ice for preservation. Flies were then transferred into a block of OCT (Optimal Cutting
Temperature Embedding Medium, Thermo Fisher Scientific, Waltham, MA, United States) and
snap-frozen to separate the heads. Blocks of OCT containing male heads were transferred to a
cryostat (Leica CM3050S, Buffalo Grove, IL, United States) and cut at 25 μm. Slides containing
sections were then stained using a standard hematoxylin and eosin (H & E) protocol (see below)
and mounted. Stained slides were imaged with a 10x objective lens using a Keyence BZ-X700
microscope (Keyence, Itasca, IL, United States) with the Bright-field/Phase Contrast setting.
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H&E-stained sections were scored and measured by an experimenter blind to treatment condition
of the flies. Sections with poor qualitative ratings were excluded from analysis of number of
vacuolar lesions greater than 10 μM diameter.

Hematoxylin and Eosin Staining
Slides with 25 μm sections of male Drosophila heads were hydrated in PBS. Sections
were then run through a dehydration gradient (25, 50, and 75% ethanol) for 5 min each, followed
by 60 dips in 100% ethanol and 95% ethanol. After a brief rinse with tap water, slides rested in
the hematoxylin solution for 5 min and were washed briefly. Next, slides were dipped into acid
alcohol 6 times, washed, and rested in lithium carbonate for 2 min. Slides were placed into a tap
water bath for 5 min, dipped in 80% ethanol 30 times, and placed in eosin phyloxine-B solution
for 90 s. Next, slides were dehydrated in 95% ethanol for 30 dips followed by 100% ethanol for
90 dips. Lastly, slides were dipped 30 times into xylene followed by a one minute bath in xylene.
Slides were mounted with toluene and allowed to dry before imaging.

Wing-Damage Assay
Males group-housed with females and fed a control diet were either banged on day 5 post
eclosion or subjected to fictive banging (unbanged), then returned to fresh control-diet vials. On
day 8 post eclosion (3 days after TBI or fictive TBI), animals were anesthetized with CO2 and
had their wings clipped off with iridectomy scissors. The wings were mounted on glass
coverslips and imaged using light microscopy. Wings damaged by the wing-harvesting process
were discarded. Scorers blind to treatment condition rated the wings on a 1-8 damage scale
following an established rating system (Davis et al., 2018).
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Cold Exposure and Electric Shock Trauma

For cold exposure trauma, 25–30 flies (in empty, plugged fly husbandry vials) were
placed, horizontally, into a plastic bucket containing dry ice for 10 s, then removed onto the
room-temperature benchtop for 10 s, and this cold-warm cycle was repeated six times.
For electric shock, 30–35 flies were placed in a custom-built shock tube (Con-Elektronik,
Greussenheim, Germany) controlled by an Arduino processor (Adafruit Industries, New York,
NY, United States) linked to a desktop computer (Dell, Round Rock, TX, United States). Flies
were shocked at 120 V, with a shock duration of 1.5 s, repeated every 5 s, over the course of one
minute, for a total of 12 shock pulses. Flies subjected to cold exposure and electric shock on day
5 post-eclosion were returned to their 25°C incubator on a standard control diet and subsequently
tested on day 8 in the aggression assay (see above). Flies were only ever subjected to one type of
trauma and were all raised on the control diet.
Proteomics sample preparation using FASP
Approximately 250 ug of protein solubilized in RIPA buffer was prepared using a
slightly modified filter-aided sample preparation (FASP) method in a Microcon YM-10 10 kD
molecular weight cutoff (MWCO) filter (Thermo Fisher Scientific). 1 Briefly, samples were
suspended in
UA buffer and reduced for 1.5 hr at 37°C using 25 mM dithiothreitol in UA buffer. Samples
were spun at 14,000 x g for 40 min, washed with 200 µL UA buffer and spun at 14,000 x g for
40 min. Samples were alkylated using 50 mM iodoacetamide in UA buffer for 15 min in the dark
at 37°C. After a 14,000 x g for 30 min spin, the samples were washed twice with 100 µL UB
buffer with identical centrifugation cycles, the MWCO filters were washed with 50 µL UB
16

buffer and protein was placed in a clean 1.5 mL Eppendorf tube. The filter was washed twice
more with 50 µL aliquots of 0.1 M ammonium bicarbonate and pooled. Endoproteinase LysC
(Pierce) was added at a 1:50 enzyme:protein ratio and left to digest at 37°C for 16 hr. Samples
were diluted to &lt;1 M urea with 0.1M ammonium bicarbonate, sequencing grade modified
trypsin (Promega) was added at a 1:50 enzyme:protein ratio and left to digest for an additional 8
hr at 37°C. Proteolysis was quenched using formic acid and the resulting peptides were desalted
using C18 Peptide Desalting Spin Columns (Pierce) per manufacturer’s instructions.

Untargeted shotgun proteomics analysis using liquid chromatography and tandem mass
spectrometry
Purified peptides were injected onto a Waters nanoEase m/z Peptide UPLC BEH C18
column (1.7 µm, 130 Å, 75 µm x 250 cm, July 2019 Groups 2-4) and separated using a 300
µL/min nanoflow 180 min reversed phase gradient on a Dionex Ultimate 3000 RSLC UPLC
instrument (Thermo Scientific). The Ultimate 3000 UPLC was coupled directly to a Q Exactive
HF mass spectrometer (Thermo Scientific) via nanoflow electrospray ionization. The Q Exactive
HF was operated in positive mode using a Top 15 data-dependent MS/MS acquisition method.
All raw files were searched against the Uniprot Drosophila melanogaster reference
proteome database (Accessed Jan 04 2019, reference proteome UP000000803, updated Oct 14
2018) using the Andromeda search engine embedded in MaxQuant (v1.6.1.0) 2 . The following
parameters were used for peptide/protein identification: 1% FDR at the protein and peptide
levels, variable modifications of oxidized Met, acetyl protein N-term, N-terminal peptide Gln to
pyro Glu, and deamidation of Asn and Gln, a fixed carbamidomethyl Cys modification, 5 amino
acid per peptide minimum, and trypsin digestion specificity with 2 missed cleavages. Match
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between runs was used with a 0.7 min match time window and 20 min alignment time window.
All other parameters were kept at default values. Peptide and protein quantification was
performed by the MaxQuant LFQ algorithm. All search results were uploaded into Scaffold
v4.10 (Proteome Software, Inc.) for visualization and further analysis.

FlyTracker Software
FlyTracker was obtained from the CalTech website. Files were downloaded and exported
into MatLab (MathWorks, Natick, MA). See coding section for additional features.

ATP measurements
ATP/ADP ratios were determined by comparing relative light units (RLUs) with a
commercially available ATP/ADP ratio kit (MAK135, Sigma) according to manufacturer’s
protocol. Samples used were 25 male fly heads homogenized in 1x PBS. Homogenized samples
were incubated with ATP reagent for 1 minute and luminescence was read to reflect ATP
amount. After an additional 10 minutes of incubation at room temperature, a second reading was
taken to determine background luminescence. A third, and final, reading was taken after 1
minute incubation with ADP reagent and final ratio was determined according to manufacturer’s
protocol.

Statistics and Data Presentation
Statistical analysis was performed using Microsoft Excel (Microsoft; Redmond, WA,
United States) and Prism (GraphPad; La Jolla, CA, United States) software. Proportion data
(percentages and fixed-scale scores) were first unconstrained by logit transformation; for the
purpose of avoiding undefined values, data points of zero were assigned values of 0.000001.
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Statistical comparisons on the transformed data were made using the Student T-test for single
pairwise comparisons. Statistical comparison of differences between recovery times or logittransformed MI-24 values on identical dietary conditions used the Dunn’s multiple comparisons
test. Pairwise Mann–Whitney U tests were used to compare effects on aggression of dietary
treatments within the same banging paradigm. Analysis for single pairwise comparisons between
unbounded data sets also used the Student T-test.
For count data (e.g., number of aggressive events) the Kruskal–Wallis test was used to
detect the existence of differences amongst distributions, followed by pairwise Mann–Whitney U
tests between distributions, with the Bonferroni correction for multiple comparisons (see below).
The D’Agostino and Pearson test was used to determine the normality of the distribution
of data points for continuous data sets (e.g., recovery times, latencies to first aggressive event).
An analysis of variance (ANOVA) was then performed to detect differences amongst
distributions: one-way ANOVA for comparisons with a single factor (e.g., bang intensity,
different diet treatments) followed either by Dunn’s multiple comparisons test (recovery) or by a
post hoc Tukey’s multiple comparisons test (latencies); one-way ANOVA not assuming equal
standard deviations (i.e., the Brown–Forsythe and Welch ANOVA), followed by a post hoc
Games-Howell’s multiple comparisons test, with individual variance computed for each
comparison (trauma and drug treatments); two-way ANOVA for comparisons with two factors
(e.g., diet vs. bang treatments), followed by Fisher’s least significant differences test (latencies in
different diet and bang treatments). Unless otherwise noted, data are presented as follows: Center
line, median; box boundaries, top of 3rd and bottom of 2nd quartile; whisker ends, upper and
lower range of data.
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Chapter 3: Results
Modeling Closed-Head Traumatic Brain Injury in Drosophila
In order to model TBI in Drosophila, we adapted and modified a high-impact trauma
(HIT) device (Figure 1) as seen in other studies (Katzenberger et al., 2013, 2015). Previous
studies used flies aged 0-5 days post-eclosion with the use of CO2 as a method to transfer flies in
close temporal proximity to “banging” event (induction of TBI). Two important notes of
difference between our use in this and previous studies (Lee et al., 2019) are a) use of flies that
are all 5 days post-eclosion and b) no use of CO2 within close proximity (minimum 4 hours) of
banging event.
In our previous study, we determined that there was a measurable, consistent increase in
recovery time with an increase in either severity of banging (greater angle) or number of bangs.
For all subsequent data, flies were banged at the highest intensity tested: 7 bangs at angle of 120
degrees. To verify the consistency of our model, we measured the average force in each bang.
We observed an average force of approximately 10 Newtons (9.92 ± 0.12 N; n = 21) for 7 bangs
at 120 degrees. A vial containing fly and food weighed between 18-19 grams (18.54 ± 0.13
grams, n = 3). Using these measurements, we calculated an average acceleration of about 500
m/s2. This acceleration is approximately 50 times the acceleration of gravity, or 50 g, which is in
line with accelerations measured in college football players in live practices (Mihalik et al.,
2007).
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Figure 1. A method of modeling TBI in Drosophila with a modified high-impact trauma
(HIT) device. Modified HIT device (“banger”) with protractor; based on Katzenberger et al.,
(2013). The device is composed of: a) a protractor, b) a spring clamp, c) a spring, d) a vial plug,
e) a fly vial used as a bang chamber, f) a plunger to restrict fly movement, g) a stiff rubber mat,
and h) a wooden board which all components are attached to. The HIT device is set up in front of
the protractor to consistently measure bang angle.
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ATP Concentration is Increased in Subjects fed 2mM Beta-hydroxybutyrate
The second distinct aspect of our model is the KB diet, composed of 2mM betahydroxybutyrate added directly to the control diet. Ketone bodies, including BHB, are able to be
converted to ATP and subsequently used for energy. Using a kit, we were able to measure ADP
and ATP levels (Figure 2) in cells to hint at possible apoptosis or necrosis. We also sought to
determine if ad libitum feeding was sufficient for reliable consumption of the metabolite.
Reagents in the procedure react with ATP and ADP to produce light via the luciferase reaction
and the ensuing luminescence was measured in a time-dependent manner. We found a significant
in the ADP/ATP ratio of flies fed KB compared to CD, but only in non-TBI conditions. This data
lightly suggests KBs help fuel utilization, but additional metabolic measurements are required.
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Figure 2. ADP/ATP Ratios of all four experimental conditions. Ratios were calculated using
luminescent assays as per manufacturer’s instructions. Banged flies subject to 7 bangs at 120°.
Significance was determined by Mann-Whitney U test. P value = 0.049. All other comparisons
had no meaningful change in distribution.
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Mortality Index 24 Hours post-TBI is Markedly Lower than Previous Reports
In order to investigate the second difference of methodology, we observed mortality 24
hours post-TBI (MI-24) to determine whether the use of CO2 prior to the banging event caused a
pronounced difference in mortality. We tested flies post-eclosion on days 0, 1, 2, 3, 4, and 5,
with CD or KB feeding. Here, we report days 0 and 5 (Table 1) as day 5 is our experimental
condition and day 0 should demonstrate the most pronounced effect, if any. We found that there
was no statistical difference between any of these groups with no CO2 anesthesia, but there was
significantly less mortality in flies who experienced CO2 prior to the banging event (Figure 3).
We found there was a decrease in both day 0 (CD: 11.96 ± 2.18% vs KB: 3.04 ± 1.05%) and day
5 (CD: 6.01 ± 2.28% vs KB: 0.59 ± 0.59%, reported as mean ± SEM).
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Table 1. Mortality index 24 hours after bang or fictive bang (MI-24). MI-24 data with
different bang paradigms to determine at what degree of TBI begin to result in vastly accelerated
death. The average MI-24 is zero, with the exception of the most severe paradigm. Percentages
are reported as mean ± SEM.

Figure 3. Mortality index 24h (MI-24) after TBI for CD and KB flies. Ketone bodies
moderately reduced MI-24 death only in day 0 and day 5 males subjects to CO2 anesthesia; *p <
0.05, Mann-Whitney U test. Percentages are reported as mean ± SEM.
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Wing Damage Assay as a Measure of Aggression in Drosophila
Recent studies have demonstrated that wing damage (Davis et al., 2018) can be a useful
measure for quantifying aggressive behavior in Drosophila. In light of this, we induced TBI in
flies as per standard conditioning and allowed them to remain group-housed for three days after
the banging event. Pairs of wings were clipped off of male flies and imaged (Figure 4). Using a
scale of 1-8 previously developed as a guide (Davis et al., 2018), scorers blind to experimental
condition evaluated each wing. We found a median score of 1, indicating no substantial damage
in both banged and unbanged animals, suggesting that an alternative method of measuring
aggressive action is required.
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Figure 4. Flies subjected to concussive strikes do not display wing damage. There was no
increase in post-TBI aggressive behavior in a wing-damage assay. A median score of 1, on a
scale of 1-8 with 8 being the highest degree of damage, was consistent between both unbanged
and banged groups. All flies were subjected to 7 bang-120 degree paradigm. No significant
difference was determined between these damage scores; p = 0.9720, Student T-test following
logit transform of raw data.
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Arena-based Aggression Assays Demonstrate Significant Changes in Behavior
While not described here as it was previously reported (Lee et al., 2019), we used a
standard aggression assay to evaluate behavioral changes. Briefly, two male Drosophila were
placed within a chamber (1.5x1.5x0.5 cm) with a decapitated female in order to act as a stimulus.
Flies were recorded for 3 minutes and subsequently scored by observers blind to experimental
conditions. We concluded that our method of inflicting TBI did exhibit changes in aggression in
that flies subjected to TBI had significantly higher aggression than those who did not receive the
injury. Additionally, flies fed a KB-diet had starkly lower measures of aggression than those of
the CD-diet when both were subjected to TBI. These findings led us to explore two aims: First,
what cellular machinery was being damaged, thus producing these behavioral changes and
second, if KBs are protecting this machinery.
Anatomical Sections of Brain Sections Showed Little Damage
To determine an anatomical measure of TBI-induced damage, we flash-froze and
mounted heads of CD- and KB-dieted flies with or without induced trauma. We cryo-sectioned
and stained brain sections to look for large vacuolar lesions that were previously reported in the
literature (Katzenberger et al., 2013). We found virtually no lesions in the brains of flies 3 days
post-TBI. To determine if a longer incubation time was required to observe necrosis (Figure 5),
we also examined 15 days post-TBI. In this group, we found a 28% increase in banged animals
versus non-banged animals (46% to 64%) but there was no significant difference in the
distributions of these findings.
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Figure 5. Coronal brain sections of flies on Day 8 and 20; 3 and 15 days post-TBI,
respectively. Top; Representative images of banged (7 bangs at 120°) and unbanged (sham)
flies. Below; Counts of large (>10 uM) vacuolar brain lesions. No significant difference in
number of large lesions was detected across any diet, temporal, or bang condition (p = 0.90;
Student T test).
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Proteomic Investigation of Cellular Mechanisms Indicates Calcium as a Mediator
In an effort to understand the cellular mechanisms behind our behavioral results, we
sought to take a look at the proteins present, and their relative amounts, in the four conditions we
previously tested. In each of three biological replicates, we dissected the brains of flies that were
CD or KB-dieted, with and without induced TBI. Overall protein concentrations were
standardized and subsequently analyzed. The output, in full, is in Appendix C, with a sample
view in Figure 6. Several proteins of interest were found to be significantly different between CD
banged and KB banged conditions including, but not limited to: CaMK2 (Figure 7), LETM1
(Figure 8), PMCA (Figure 9), and mGluR (Figure 10). The relative amounts of these proteins are
reported as the normalized average precursor intensity.
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Figure 6. Sample proteomic data as viewed in Scaffold. A, B, C, and D contain three
biological replicates of: control diet unbanged, ketone diet unbanged, control diet banged, and
ketone diet banged, respectively. Appendix C contains an unfiltered list of all detected proteins
as well as individual comparisons between groups.
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Figure 7. Label-free quantitative proteomics of calcium/calmodulin-dependent protein
kinase II. CaMK2 measured intensities not significant between unbanged groups. This kinase is
heavily implicated in learning and memory as well as overall calcium homeostasis. Significance
test was a student t-test with threshold of significance at *p < 0.05.
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Figure 8. Label-free quantitative proteomics of mitochondrial proton/calcium exchanger
protein. LETM1 in subjects with sham TBI treatment is unchanged. A significant difference was
found between CD- and KB-dieted groups that received TBI. The antiporter releases calcium out
of the mitochondria and shuttles protons inside. Significance test was a student t-test with
threshold at *p < 0.05.
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Figure 9. Label-free quantitative proteomics of plasma membrane calcium ATPase. No
significant difference between non-trauma groups, but a change was determined in TBI-induced
subjects between CD and KB diets. The pump is responsible for removing excess calcium from
the cell into extracellular space. Significance test was a student t-test with *p < 0.05.
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Figure 10. Label-free quantitative proteomics of metabotropic glutamate receptor proteins
increase in subjects induced with TBIs. Glutamate receptor counts between non-banged
conditions were not significant. Glutamate toxicity is a well documented consequence shortly
following TBI. Results uploaded into Scaffold v4.10 for visualization and further analysis.
Significance test used is a student t-test with threshold of significance at *p < 0.05
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Alternate Traumas do not Reproduce Aggressive Behavior found in Mechanical Trauma
Further validation was needed to determine whether the behavioral changes observed in
this model were a direct result of cognitive deficits due to the HIT device. First, we tested
various traumas to ensure that the mechanical trauma, not others such as cold or electric shock,
cause behavioral changes. We tested two alternate traumas; A cold shock in which flies were
cycled through dry ice (while contained within a vial) and room temperature, and an electric
shock where flies were shocked several times (120V) over the course of 60 seconds (Figure 11).
In both cases of alternative trauma, we saw very little change to either the number of aggressive
events nor the latency in which they became across. In that case of electric shock, there were a
few outliers in the distribution but were not significant.
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Figure 11. Alterations in aggressive behavior are specific to mechanical trauma. Nonconcussive traumas of cold exposure and electric shock do not yield an increase in aggressive
activity. As previously reported, mechanical trauma causes a significant uptick in aggressive
behavior ( ****p < 0.0001, Kruskal-Wallis test). No difference was detected in count nor latency
to first aggressive behavior in cold-exposed and electrically shocked flies (pairwise MannWhitney U test).
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Motility is Not Significantly Altered by Diet nor TBI
One possible explanation of the KB diets reduced aggression in banged subjects could be
a motility issue arising from the increase in ketogenic metabolites in the Drosophila. To this end,
we used the commonly used negative geotaxis assay (Figure 12). This assay, as with our
aggression assay, is a motivated task. To analyze for motility differences, we used two measures.
First, the percentage of flies that reaches 6cm from the bottom of the vial after 10 seconds and
second, the average height of all the flies after 30 seconds. In both cases, across all conditions,
we saw no substantial change. As a result, we considered the observed behavior to be
independent of any motility influence.
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Figure 12. Changes in aggressive behavior are not caused by motility deficits. Neither head
trauma nor diet condition affects basal motility in a negative geotaxis assay. For measurements
of percentage of flies to reach 6 cm after 10 seconds, no significant difference was found among
distributions across bang and dietary conditions (p = 0.8830; Kruskal-Wallis test). Similarly, no
significant difference was found in the average height climbed after 30 seconds (p = 0.5935; twoway ANOVA).

39

KB’s neuroprotection appears to be partially mediated by KATP Channel Modulation
Previous literature (Tanner et al., 2011; Ma et al., 2007) has pointed to the ATP-sensitive
potassium channel (KATP) as one potential mechanism to the action of KBs. We decided to test
both tolbutamide (a KATP blocker at a concentration of 200uM) and diazoxide (a KATP opener at a
concentration of 600uM) added to either the CD or KB diet (Figure 13) with our aggression
assays. We had several hypotheses on banged subjects: 1) tolbutamide alone would have no
meaningful effect on aggression, 2) diazoxide alone would mimic the KB diets effect, 3)
tolbutamide added to the KB diet would produce results similar to the CD alone, and 4)
diazoxide added to the KB diet would either a) further reduce or b) mimic the effect of KBs
alone. We found that tolbutamide had little effect by itself, but counteracted the neuroprotective
effect when combined with KBs. Diazoxide, on the other hand, mimicked KBs alone and did not
add any additional effect when combined with the KB diet demonstrating limited evidence that
these experimental feeding conditions act on similar mechanisms.

40

Figure 13. Measures of aggressive events in post-TBI subjects fed KATP channel influencing
drugs. The KATP channel blocking drug tolbutamide (200uM) added alone to CD animals
exerted little effect on aggression, but may partially block the effect of ketone bodies reducing
post-TBI aggression. The KATP channel drug diazoxide (600 uM) mimics on its own, and notably
does not augment, the ketone body effect on reducing post-TBI aggression. Diazoxide alone, as
well as diazoxide added to the KB-supplemented diet, resulted in a large, significant decrease in
aggressive activity. All comparisons **** p < 0.0001 except for comparison of latency to first
aggressive event between CD and KB bang treatments; *** p < 0.001. No significant difference
was detected between diazoide or KB conditions in any measure of aggression
.
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Automated Scoring of Behavioral Videos Improves Speed and Consistency of Data
Until this point, all behavioral experiments have been scored by human observers blind to
experimental conditions. Although behavioral phenotypes are an important output of molecular
changes, these experiments can be time consuming. In part, this is due to steps of blinding
experimental conditions, training non-affiliated lab members how to score the recordings, and
the turn-around time associated with the aforementioned manual scoring. To this end, we sought
a way to automate scoring of videos of aggressive behavior between flies between several
experimental conditions to enable both high-throughput and unbiased detection of behavior.
FlyTracker is a program developed in the Computational Vision Lab at CalTech. The
program is a Matlab executable program that can detect and track key aspects of fly movement
(Figure 14) of both individual features (velocity, angular velocity, wing angle and length, axis
ratio, body ratio, contrast, and distance to wall), as well as relative features between subjects
(distance to other, leg distance, angle between subjects, and facing angle) (Eyjolfsdottir et al.,
2014) reliably up to thirty FPS (frames per second) - in which we total fifty-four hundred frames
for each three minute trial.. The program has been tested against twenty-two hours of pairs of
fruit flies engaging in various interactions fully annotated by experts.
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Individual Features

Description

Velocity

Speed of fly

Angular Velocity

Angular velocity of fly

Minimum Wing Angle

Minimum of left and right wing angle

Maximum Wing Angle

Maximum of left and right wing angle

Mean Wing Angle

Mean of left and right wing angle

Axis Ratio

Major axis divided by minor axis length

Foreground Body Ratio

Foreground area divided by body area

Contrast

Mean gradient in image around fly

Distance to Wall

Distance from fly to edge of arena

Relative Features

Description

Distance to Other

Distance between the center of the two flies

Leg Distance

Distance between foreleg of the two flies

Angle Between

Angle between facing vectors of the two flies

Facing Angle

Angle between facing vectors toward other fly

Figure 14. Summary of all features tracked with base FlyTracker software. Features
generated per frame (30 FPS) of flies in an arena. Individual and relative features are culminated
from detection thresholds set for body, legs, wings, foreground, and background (Eyjolfsdottir et
al., 2014)
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In order to automate the specific aggressive behavior, we observed in previous
experiments (Lee et al., 2019), we set up strict conditions for four types of bouts - fencing, wingflaring, rearing, charging (Figure 15). Fencing is determined by a leg distance of 0 and an acute
facing angle to ensure pointed behavior. Wing-flaring is counted given a high wing angle relative
to the adjacent wing, an acute facing angle, and a proximal distance to the other fly. Counts of
charging are given by a high velocity within close distance to the other fly. Lastly, rearing is
given by proximal distance to the other, a small body ratio, and a distance from the wall to
ensure a small body ratio (observed from top down) is not counted as rearing due to simply
climbing the wall of the chamber. These four behaviors are then summed into a value - denoting
the total number of all aggressive events within the trial.
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Additional Features (Aggression)

Description

Fencing

Leg distance < 0.01 (mm)
Facing angle < 0.25 (rad)

Wing-flaring

Maximum wing angle > 1.57 (rad)
Maximum wing angle < 3.14 (rad)
Facing angle < 0.50 (rad)
Distance-to-other < 6.00 (mm)

Charging

Velocity < 25.00 (mm/s^2)
Distance-to-other < 2.00 (mm)

Rearing

Distance-to-other < 6.00 (mm)
Distance-to-wall < 2.00 (mm)
Body ratio < 1.50 (mm)

Figure 15. Summary of aggression-specific behavioral outputs. Specific criteria for the four
distinct aggressive behaviors built into the FlyTracker computational file. Features were
determined by existing outputs (Figure 14) that were consistent among manually scored
behaviors.
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Previously, an additional feature that was manually scored was the latency to the first
aggressive event, as sudden shifts in behavior have been a hallmark of TBI in other animal
models. The code that counts the four aggressive events previously described results in a string
of 1’s (should all the conditions in Figure 15 be met) or 0 (if one or more conditions are not
satisfied). A count of latency to determine what number frame satisfies all conditions for each
individual aggressive feature is found in Appendix A. Furthermore, all four of these latencies are
checked to find the minimum value between them, resulting in the latency for each individual
trial.
One feature of FlyTracker is the ability to track videos up to 30 frames per second which
allows for a very specific, consistent count of the duration spent in each aggressive event. The
modified FlyTracker computational fly counts a duration for each type of aggressive event
(fencing, wing-flaring, charging, and rearing). Additionally, all four of these durations are
summed up to output the overall duration of aggression for the entire trial, which can be an
additional measure of alterations in aggressive behavior given an experimental condition.
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Figure 16. Automated scoring of fencing behavior of all four conditions. Count and duration
of, and latency to first, aggressive fencing behavior between two flies. Count and duration have
similar, but not exactly mirrored appearance due to intrinsic correlation between these two
measures. Latency measure is capped at 180 seconds (total recording time) tracked at 30 frames
per seconds (FPS) up to 5400 frames total. Significance was determined by one-way ANOVA.
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Figure 17. Automated scoring of wing-flaring behavior of all four conditions. Count
and duration of, and latency to first, aggressive wing-flaring behavior between two flies. Count
and duration have similar, but not exactly mirrored appearance due to intrinsic correlation
between these two measures. Latency measure is capped at 180 seconds (total recording time)
tracked at 30 frames per seconds (FPS) up to 5400 frames total. Significance was determined by
one-way ANOVA.
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Figure 18. Automated scoring of charging behavior of all four conditions. Count and
duration of, and latency to first, aggressive charging behavior between two flies. Count and
duration have similar, but not exactly mirrored appearance due to intrinsic correlation between
these two measures. Latency measure is capped at 180 seconds (total recording time) tracked at
30 frames per seconds (FPS) up to 5400 frames total. Significance was determined by one-way
ANOVA.
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Figure 19. Automated scoring of rearing behavior of all four conditions. Count and duration
of, and latency to first, aggressive rearing behavior between two flies. Count and duration have
similar, but not exactly mirrored appearance due to intrinsic correlation between these two
measures. Latency measure is capped at 180 seconds (total recording time) tracked at 30 frames
per seconds (FPS) up to 5400 frames total. Significance was determined by one-way ANOVA.
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Automated Scoring of Aggressive Behavior Demonstrates Rearing to be Consistent with
Previous Studies
Using a new set (n=8-10 for each condition) of aggression assay videos, we observed the
amount, duration, and latency of fencing, wing-flaring, charging, and rearing (Figures 16-19).
Fencing, wing-flaring, and charging were not significantly different between any of the four
conditions tested. However, FlyTracker scored rearing to have significant changes. Consistent
with previous experiments scored by blinded observers, control diet banged had the highest
count and duration of rearing, along with the lowest latency of rearing. Both sets of flies fed the
KB diet had low levels of rearing activity when compared to CD-fed banged flies. The KB-fed
flies also had very similar levels of aggression, further demonstrating KBs ability to damper
heightened aggression as a result of TBI.
Importantly, these graphs show that CD-fed unbanged subjects had exactly 0 bouts of
rearing (n=8). While it is an extremely stark result, it must be noted that there is a possibility that
the tracking program was unable to detect some bouts of rearing. However, it is worth noting that
all videos across all four conditions were run on the exact same version of code. Further, the CDfed unbanged videos picked up substantial amounts of fencing, wing-flaring, and charging which
demonstrated that flies were in fact being tracked. While it is possible that there were a few bouts
of rearing not detected by the program, it does appear that rearing was extremely low in these
animals.
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Figure 20. Automated scoring of all aggressive behaviors summed of all four conditions.
Total count, durations, and latencies of aggressive behaviors between all trials of given
experimental conditions. Total and duration have similar, but not mirrored appearance due to
intrinsic correlation between these two measures. Latency measure is capped at 180 seconds
(total recording time) tracked at 30 frames per seconds (FPS) up to 5400 frames total. When
summed, no significant differences were found when examined by a two-way ANOVA.
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Summed Aggressive Behaviors Follow Previous Trends in Experimental Conditions
In addition to individually scoring fencing, wing-flaring, charging, and rearing, the code
is set up to compile these four data sets into total count and duration of all aggressive events, as
well as lowest latency in each video among any of the previously mentioned four behaviors
(Figure 20). When summed, there was no significant statistical difference between the various
conditions. In particular, summed aggressive events do closely follow the trends previously
observed in that CD-fed banged animals exhibit the most aggression, whereas the other three
conditions are consistently and comparably lower.
Here, I’ve taken an existing tracking program, FlyTracker, and added several additional
behavioral features (Figure 15) to track aggression-based behaviors such as fencing, wingflaring, charging, and rearing. The script can further be modified to add additional nonaggression features or alter specific parameters within each feature given different experimental
questions. This automated, high-throughput method of scoring behavioral videography vastly
enhances both turnaround time of behavioral scoring and eliminates variations in inter-rater
reliability. This also reduces bias from human sources to whatever uniform and standard bias the
program may exhibit in a standard scoring session. I ran a set of fresh videos of the core four
conditions (control diet unbanged, ketone diet unbanged, control diet banged, and ketone diet
banged), several parameters of each behavioral feature were scored by the code. Behavioral
features were fencing, wing-flaring, charging, and rearing. Parameters were count, duration, and
latency of each behavioral feature. I performed the analysis both for behavioral features
separately as well as all behavioral features in aggregate.
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Beta-hydroxybutyrate extends lifespan only in sham-TBI Drosophila
We sought to conduct a lifespan study to determine whether KBs or TBI had any
influence on the overall lifespan of Drosophila based on previous studies that caloric
manipulation, specifically restriction, could extend lifespan by about 10% (Golbidi et al., 2017).
Flies were housed in 10 vials with 10 males each and observed every 24 hours. Flies were
flipped into fresh food vials every 3 days and checked every 24 hours for mortality (Figure 21).
In accordance with other works (Veech et al., 2017), we found that KBs fed for unbanged
Drosophila’s entire life did extend lifespan by roughly 8 days on average (52.5 ± 1.4 days) when
compared to all other groups, notably including KB-fed subjects that had TBI induction. KB-fed
flies that received TBIs did have a slightly longer lifespan (43.4 ± 1.2 days) than CD-fed flies
with identical trauma, though these figures were not significantly different.
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Figure 21. Lifespan study of flies subject to CD or KB diet, with or without TBI induction.
10 vials of 10 flies per condition were monitored daily. Ketone bodies extended lifespan (p <
0.0001, Mantel-Cox log-rank test) in sham TBI conditions, though this increase returned to
baseline in KB-fed subjects with traumatic brain injury. Individual data points plotted as mean ±
SEM.
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Chapter 4: Discussion
Research regarding traumatic brain injuries have been increasing every year, with over
2,000 articles published last year on PubMed (PubMed Statistics, 2020). A staggering number of
different models (fluid-percussion, cortical impact, HIT) have been developed to study injury in
a number of organisms. Drosophila have increasingly been used in these studies (Katzenberger
et al., 2013) along with a number of researchers, including Ed Kravitz and David Anderson,
studying aggression-specific behaviors. Using a modified high-impact trauma (HIT) device, we
were able to reliably simulate TBI in Drosophila. We have made minor procedural changes to
produce less mortality 24 hours post-TBI to help enable longer term studies, such as our own
lifespan study. Further, we were able to reproduce data showing that, predictably, recovery time
from TBIs increases with a higher bang angle or number of strikes. We demonstrate a model that
can be used to test a variety of interventions using Drosophila validated through both commonly
accepted behavioral changes and protein changes, such as metabotropic glutamate receptor
(mGluR; Figure 10).
Aggression has been studied in Drosophila in an assortment of ways such as wing
damage (Davis et al., 2018) and arena-based trials. Highlighted in our previous paper (Lee et al.,
2019), we used the previously described HIT device to induce TBI in flies and subsequently
assess aggressive behavior three days later. We used a small arena (0.5x0.5x1.5 centimeters)
with two male flies inserted along with a decapitated female in order to act as a stimulus and
recorded for 3 minutes. We used four experimental groups (CD-fed sham, KB-fed sham, CD-fed
with TBI, and KB-fed with TBI) and found several key takeaways.
First, we observed a substantial increase in the number of aggressive events and a
decrease in latency to the first aggressive event - both hallmarks of overall increased aggression -
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from CD-fed sham banged to CD-fed TBI subjects when scored by manual scorers blind to
experimental conditions. Increased impulsivity and aggression is a well recognized symptom of
TBI in humans (Schumacher et al., 2017). Our results showing elevated post-TBI aggression
serves to validate our model as a useful mode for exploring post-TBI behavioral outcomes that
are analogous to those seen in humans. Second, we noted that there was extremely little
difference in both aggressive measures between CD- and KB-fed sham conditions. Although a
non-significant result, we note that the sole change of diet with no injury is an important control
in that the diet does not appear to alter behavior without injury, such as TBI. Third, and most
importantly, we observed a significant reduction in aggression in KB-fed TBI-induced subjects
when compared to CD-fed TBI-induced subjects.
To reduce the bias that comes from human scoring of behavioral videos, we adapted
FlyTracker software (Eyjolfsdottir et al., 2014) to provide automated detection of aggressive
events for higher throughput of behavioral experiments. Automated scoring will not remove all
bias from the scoring process, but will apply it uniformly and consistently across all videos.
Using a standard set of videos (n=8-10 per condition), reliable tracking and detection found
significant changes in certain types of aggression. When summed together, there was no
significant difference between the four conditions, though the trend of the data did correlate well
with previous findings (e.g. CD-fed banged flies exhibited the most aggressive displays).
Importantly, when aggressive events were teased apart (fencing, wing-flaring, charging, and
rearing), we noted that there was a significant difference in rearing. This demonstrates that the
program will give us deeper and more thorough insight into behavior as previous human scored
videos did not tease apart specific types of events, nor count duration. We have verified duration
to be a distinct measure that predictably correlates, but does not a mirror, the individual counts of
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events. Additionally, the custom code for latency adds a layer of automated time stamping and
temporal precision.
These results, taken together, show that we were able to: a) recapitulate behavioral results
(Lee et al., 2019) from independent datasets, b) demonstrate that our automated scoring
conditions can both enhance speed and eliminate human bias from future experiments, and c)
code, optimize, and execute custom behaviors. We specifically observed aggressive behavior,
but any behavior involving distinct interaction of legs, body, or wing movement could be
studied.
After observing KBs reduce aggressive behavior post-TBI, we speculated about possible
explanations for this result. At a global level, we aimed to determine whether this change in
behavior was specific to the mechanical injury caused by the HIT device. We tested, using the
same timeline and assays, whether electrical-shock or cold-shock traumas would have a
significant effect on flies’ behavior (Figure 11). We observed that there was no change in
behavior after exposure to these alternate traumas and concluded that our previous data in
aggression assays was specific to the mechanical trauma that recapitulates TBI.
We considered the possibility whether the introduction of additional KBs in the diet
could cause lethargy, thus causing slower motility and reduced interaction between the flies in
our arenas. To this aim, we used a negative geotaxis assay - a motivated behavior task, similar to
that of our aggression assay - to assess if there were any changes from either diet or TBI
presence. We noted that there was no change in either of two measures we scored, further
suggesting that KBs are specifically acting as a neuroprotective agent. As our HIT device
delivers a non-precise strike, we performed a wide variety of controls to further verify that the
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behavioral symptoms were strictly a result of mechanical injury to the brain, rather than motility
or non-specific traumas.
To begin to tease out the cellular mechanisms, we decided to retest both sham and TBI
subjects with several additional pharmacological agents. Previous work has demonstrated that
BHB modulates the activity of KATP channels (Tanner et al., 2011). We added tolbutamide (KATP
channel blocker) or diazoxide (KATP channel opener) either alone or in combination with the KB
diet. Our observations largely fell in line with our hypothesis in that tolbutamide would have
little effect alone and an antagonistic effect when added with KBs; and that diazoxide would
have a similar effect to KBs and seemingly no difference when put together demonstrating
occlusion. These results suggested that KBs act, at least partially, by opening KATP channels to
influence membrane excitability - in this case reducing it to protect against excitotoxicity, a wellstudied consequence of TBI (Coronado et al., 2005). This opens up the possibility that KATP
channel modulatory drugs (many of which are FDA-approved for other medical treatments)
could prove to be a method to alleviating post-TBI behavioral deficits, namely hyper aggression.
While we observed marked improvement in aggression, we wanted to understand
potential mechanisms of both diet and TBI at the protein level that could lead to these behavioral
outputs. As noted earlier, supplementation of KBs is a whole-body change in metabolism, thus
opening up the possibility of several protective mechanisms in tandem. Therefore, we used liquid
chromatography and tandem mass spectrometry to look at relative amounts of proteins in
dissected whole-brain preparation of the previously described main four conditions (i.e. CD
unbanged, KB unbanged, CD banged, and KB banged). We detected nearly 3,000 unique
proteins amongst our samples (see Appendix C), but have highlighted here calcium-related
proteins that showed significant changes. One of the major causes of secondary injury and
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subsequent cell-death in TBI models is calcium dysregulation (Young, 1992). Calcium
concentrations are drastically elevated in patients following TBI, potentially through changes in
levels of trafficking proteins that lead to fluxes in ionic gradients (Tavalin et al., 1997).
Interestingly, we saw an upregulation of cellular machinery responsible for either binding
calcium (CaMK2) or removing it from the cytoplasm (LETM1) or the cell entirely (PMCA).
These proteins were found in much higher levels in KB-fed banged subjects compared to CD-fed
banged subjects. Although more experiments must be done, such as calcium measurements in
both brain tissue and mitochondria, we see a potential mechanism behind KBs neuroprotection.
It is plausible that the increased availability of energy (via consumption of KBs that are
converted to ATP) allows for additional energy-intensive machinery such as LETM1 or PMCA
to restore proper calcium homeostasis whereas CD-fed flies do not have the energetic substrates
to facilitate this self-regulation, leading to exacerbated cell death.
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Figure 22. Mechanisms contributing to intracellular calcium homeostasis and signaling in
neurons. A comprehensive look at many of the largest influences on calcium regulation within
neurons with the most pertinent proteins circled in red. This image is taken from the review
“Altered calcium signaling following traumatic brain injury” authored by John T. Weber.
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Previous data has suggested that TBI reduces lifespan in flies (Katzenberger et al., 2013)
and our own results indicate that KBs can reduce short-term mortality (see MI-24 data) in TBIinduced subjects. Furthermore, a number of studies have demonstrated a significant increase in
lifespan using caloric restriction (Veech et al., 2017) which KBs partially mimic at the
biochemical level. Taken together, we determined that TBI had no effect on longevity, though
KBs fed to non-TBI subjects did significantly increase lifespan. Previous reports (Katzenberger
et al., 2013) reported that banging elevates mortality, which we did not see here nor in MI-24
experiments. Our data does consistently agree with data demonstrating that caloric restriction, or
starvation, can extend lifespan (Veech et al., 2017).
Taken together, our results show a potential therapeutic avenue for those who suffer from
TBI to reduce undesirable behavioral symptoms such as heightened aggression. We find that
there may be something novel to the mechanical insult that typically produces TBI with no
significant findings in alternative traumas. Further, KBs may not need to be taken for patients'
entire lives, as our previous findings (Lee et al., 2019) show that even brief dietary swaps
directly after TBI can help alleviate aggressive symptoms. We previously found that swapping
from CD to KB immediately post-TBI until behavioral testing (3 days), to be sufficient for
comparable (but not as stark) neuroprotection when compared to flies fed KBs before and after
TBI. Full ketogenic diets have often been written off due to strict compliance, but KBsupplemented diets would drastically reduce this glaring problem.
We executed a large number of controls and measurements to validate our model (with
both force measurements and experimental controls) to provide a reasonable platform to test
aggressive behavior in Drosophila. Importantly, we have taken out much of the human bias from
scoring behavioral videos by taking FlyTracker (Eyjolfsdottir et al., 2014) and adding several
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hundred lines of code to track behaviors we are interested in (fencing, wing-flaring, charging,
and rearing) with duration and latency of each. This code can easily be modified to assess other
behavior.
Although more work needs to be done, we have found behavioral and proteomic data to
support possible mechanisms behind KB-supplementation, namely KATP channels and calcium
shuttling. Further experiments need to be done, such as genetic knockdowns and optogenetics, to
explore these hypotheses, though our work has demonstrated the potential for a novel therapeutic
approach for patients who suffer from traumatic brain injury.

63

Chapter 5: References
1. A.C. McKee, R.C. Cantu, C.J. Nowinski, et al.Chronic traumatic encephalopathy in
athletes: progressive tauopathy after repetitive head injury
2. Appelberg KS, Hovda DA, Prins ML The effects of a ketogenic diet on behavioral outcome
after controlled cortical impact injury in the juvenile and adult rat. J Neurotrauma. 2009 Apr;
26(4):497-506.
3. Appleton, D. B., and DeVivo, D. C. (1974). An animal model for the ketogenic diet.
Epilepsia 15, 211–227. doi: 10.1111/j.1528-1157.1974.tb04943.x
4. Bailey E, Pfeifer H, Thiele E (2005) The use of diet in the treatment of epilepsy. Epilepsy
Behav (SAN DIEGO; 525 B ST, STE 1900, SAN DIEGO, CA 92101- 4495 USA) 6:4-8.
5. Baugh, CM, et al. “Chronic Traumatic Encephalopathy: Neurodegeneration Following
Repetitive Concussive and Subconcussive Brain Trauma.” NCBI, 6 June 2012.
6. Beckingham, Kathleen M, et al. “Drosophila Melanogaster - The Model Organism of
Choice for the Complex Biology of Multi-cellular Organisms.” Gravitational and Space
Research, Journal of the American Society for Gravitational and Space Research, 2005
7. Bennet I. Omalu, M.D., M.P.H., Steven T. DeKosky, M.D., Ryan L. Minster, M.S.I.S., M
Ilyas Kamboh, Ph.D., Ronald L. Hamilton, M.D., Cyril H. Wecht, M.D., J.D., Chronic Traumatic
Encephalopathy in a National Football League Player, Neurosurgery, Volume 57, Issue 1, July
2005, Pages 128–134,
8. Bhaskar K, Hobbs GA, Yen SH, Lee G. Neuropathol Appl Neurobiol. 2010;36:462–477.
doi: 10.1111/j.1365-2990.2010.01103.x.
9. Bigler, Erin D. and Maxwell, William L. ‘Neuroimaging and Neuropathology of TBI’. 1
Jan. 2011 : 63 – 74.
10. Bonini, Nancy M, and Mark E Fortini. “Human Neurodegenerative Disease Modeling Using
Drosophila.” Annual Reviews, Annual Review of Neuroscience, 10 Apr. 2003. Vol. 26:627-656.
11. Coronado VG, Thomas KE, Sattin RW, Johnson RL. The CDC Traumatic Brain Injury
Surveillance System: Characteristics of Persons Aged 65 Years and Older Hospitalized with a
TBI. J Head Trauma Rehab. 20(3): 215–228, 2005. Daisuke
12. Cox, J., Mann, M. MaxQuant enables high peptide identification rates, individualized
p.p.b.13. Dadas A, Washington J, Diaz-Arrastia R, Janigro D. Biomarkers in traumatic brain injury
(TBI): a review. Neuropsychiatr Dis Treat. 2018;14:2989–3000. Published 2018 Nov 8.
doi:10.2147/NDT.S125620

64

14. David DC, Layfield R, Serpell L, Narain Y, Goedert M, Spillantini MG DeVivo DC, Leckie
MP, Ferrendelli JS, McDougal DB., Jr Chronic ketosis and cerebral metabolism. Ann Neurol.
1978;3:331–337.
15. Davis SM, Thomas AL, Liu L, Campbell IM, Dierick HA. Isolation of Aggressive Behavior
Mutants in Drosophila Using a Screen for Wing Damage. Genetics. 2018;208(1):273‐282.
doi:10.1534/genetics.117.300292
16. Davis, S. M., Thomas, A. L., Liu, L., Campbell, I. M., and Dierick, H. A. (2018). Isolation
of aggressive behavior mutants in Drosophila using a screen for wing damage. Genetics 208,
273–282. doi: 10.1534/genetics.117.300292
17. Eyjolfsdottir E. et al. (2014) Detecting Social Actions of Fruit Flies. In: Fleet D., Pajdla T.,
Schiele B., Tuytelaars T. (eds) Computer Vision – ECCV 2014. ECCV 2014. Lecture Notes in
Computer Science, vol 8690. Springer, Cham
18. Gennarelli TA, Thibault A. Biological models of head injury. In: Becker DP, Povlishock JT,
editors. Central Nervous System Trauma Status Report. Richmond, VA: William Byrd Press;
(1985). p. 391–404.
19. Ghandour H, Kobeissy F, Abbass HA, El-Sayed M, Tamim H (2018) Traumatic Brain Injury
Review: Past Present and Future. Emerg Med Inves: EMIG-175. DOI: 10.29011/2475-5605.
000075
20. Golbidi S, Daiber A, Korac B, Li H, Essop MF, Laher I. Health Benefits of Fasting and
Caloric Restriction. Curr Diab Rep. 2017;17(12):123. Published 2017 Oct 23.
doi:10.1007/s11892-017-0951-7
21. Guo, Tong, et al. “Roles of Tau Protein in Health and Disease.” Acta Neuropathologica,
Springer Berlin Heidelberg, 6 Apr. 2017. Acta Neuropathologica. 2017; 133(5): 665-704.
22. Houten, S. M. & Wanders, R. J. A. A general introduction to the biochemistry of
mitochondrial fatty acid β-oxidation. J. Inherit. Metab. Dis. 33, 469–477 (2010). J Neuropathol
Exp Neurol, 68 (7) (2009), pp. 709-735
23. Jackson GR (2008) Guide to understanding Drosophila models of neurodegenerative
diseases. PLoS Biology (United States) 6:e53
24. Jennings, Barbara H. “Drosophila - a Versatile Model in Biology and Medicine.”
ScienceDirect, May 2011. Transcriptional Regulation Group, UCL Cancer Institute, Paul
O'Gorman Building, 72 Huntley St, London, WC1E 6BT, United Kingdom.
25. K.E. Dittenhafer-Reed, A.L. Richards, J. Fan, M.J. Smallegan, A. Fotuhi Siahpirani, Z.A.
Kemmerer, T.A. Prolla, S. Roy, J.J. Coon, J.M. Denu SIRT3 mediates multi-tissue coupling for
metabolic fuel switching Cell Metab., 21 (2015), pp. 637-646
65

26. Kashiwaya Y, Bergman C, Lee J, Wan R, King MT, Mughal MR, Okun E, Clarke K,
Mattson MP, Veech RL (2013) A ketone ester diet exhibits anxiolytic and cognition-sparing
properties, and lessens amyloid and tau pathologies in a mouse model of Alzheimer's disease.
Neurobiol Aging 34:1530-1539.
27. Kashiwaya Y, Takeshima T, Mori N, Nakashima K, Clarke K, Veech RL. d-βHydroxybutyrate protects neurons in models of Alzheimer’s and Parkinson’s disease.
Proceedings of the National Academy of Sciences of the United States of America.
2000;97(10):5440-5444.
28. Katzenberger RJ, Loewen CA, Wassarman DR, Petersen AJ, Ganetzky B, Wassarman DA.
A Drosophila model of closed head traumatic brain injury. Proc Natl Acad Sci U S A.
2013;110(44):E4152–E4159. doi:10.1073/pnas.1316895110
29. Koppel SJ, Swerdlow RH. Neuroketotherapeutics: A modern review of a century-old
therapy. Neurochem Int. 2018;117:114–125.
30. Lee DC, Vali K, Baldwin SR, et al. Dietary Supplementation With the Ketogenic Diet
Metabolite Beta-Hydroxybutyrate Ameliorates Post-TBI Aggression in Young-Adult Male
Drosophila. Front Neurosci. 2019;13:1140. Published 2019 Oct 30.
31. Lutas, A. & Yellen, G. The ketogenic diet: metabolic influences on brain excitability and
epilepsy. Trends Neurosci. 36, 32–40 (2013).
32. Ma W., Berg J. and Yellen G. (2007) Ketogenic diet metabolites reduce firing in central
neurons by opening K(ATP) channels. J. Neurosci. 27, 3618– 3625.
33. Masino SA, Rho JM. Mechanisms of Ketogenic Diet Action. In: Noebels JL, Avoli M,
Rogawski MA, et al., editors. Jasper's Basic Mechanisms of the Epilepsies [Internet]. 4th edition.
Bethesda (MD): National Center for Biotechnology Information (US); 2012.
34. Maxwell, W. L., Watt, C., Graham, D. I., and Gennarelli, T. A. (1993). Ultrastructural
evidence of axonal shearing as a result of lateral acceleration of the head in non-human primates.
Acta Neuropathol. (Berl.) 86, 136–144.
35. Mihalik, J. P., Bell, D. R., Marshall, S. W., and Guskieweicz, K. M. Proteome analysis. Nat
Methods 6, 359-362 (2009). (2007). Measurement of head impacts in collegiate football players:
an investigation of positional and event-type differences. Neurosurgery 61, 1229–1235. doi:
10.1227/01.neu.0000306101.83882.c8
36. Multi-dimensional Roles of Ketone Bodies in Fuel Metabolism, Signaling, and Therapeutics
Puchalska P., Crawford P.A. (2017) Cell Metabolism, 25 (2) , pp. 262-284.
37. Nilsson B, Pontén U, Voigt G. Experimental head injury in the rat. Part 1: Mechanics,
pathophysiology, and morphology in an impact acceleration trauma model. J Neurosurg. 1977
Aug; 47(2):241-51

66

38. Nilsson, P., Hillered, L., Olsson, Y., Sheardown, M. J., and Hansen, A. J. (1993). Regional
changes in interstitial K+ and Ca2+ levels following cortical compression contusion trauma in
rats. J. Cereb. Blood Flow Metab. 13, 183–192.
39. Pandey, U B, and C D Nichols. “Human Disease Models in Drosophila Melanogaster and
the Role of the Fly in Therapeutic Drug Discovery.” Pharmacological Reviews.
40. Pettus, E. H., Christman, C. W., Giebel, M. L., and Povlishock, J. T. (1994). Traumatically
induced altered membrane permeability: its relationship to traumatically induced reactive axonal
change. J. Neurotrauma 11, 507–522.
41. Prins ML, Lee SM, Fujima LS, Hovda DA Increased cerebral uptake and oxidation of
exogenous betaHB improves ATP following traumatic brain injury in adult rats. J Neurochem.
2004 Aug; 90(3):666-72.
42. Rahman M, Muhammad S, Khan MA, Chen H, Ridder DA, Müller-Fielitz H, Pokorná B,
Vollbrandt T, Stölting I, Nadrowitz R, Okun JG, Offermanns S, Schwaninger M. The βhydroxybutyrate receptor HCA2 activates a neuroprotective subset of macrophages. Nat
Commun. 2014 May 21; 5():3944. range mass accuracies and proteome-wide protein
quantification Nat Biotechnol, 26, 1367-72
43. Rodriguez-Rodriguez A., Jose Egea-Guerrero J., Murillo-Cabezas F., Carrillo-Vico
A.Oxidative stress in traumatic brain injury. Curr. Med. Chem. 2014;21:1201–1211. doi:
10.2174/0929867321666131217153310.
44. Schumacher, R., Müri, R.M. & Walder, B. Integrated Health Care Management of Moderate
to Severe TBI in Older Patients—A Narrative Review. Curr Neurol Neurosci Rep 17, 92 (2017).
45. Selfridge JE, Wilkins HM, E L, Carl SM, Koppel S, Funk E, Fields T, Lu J, Tang EP,
Slawson C, Wang W, Zhu H, Swerdlow RH Effect of one month duration ketogenic and nonketogenic high fat diets on mouse brain bioenergetic infrastructure. J Bioenerg Biomembr. 2015
Apr; 47(1-2):1-11.
46. Shimazu T, Hirschey MD, Newman J, He W, Shirakawa K, Le Moan N, Grueter CA, Lim
H, Saunders LR, Stevens RD, Newgard CB, Farese RV Jr, de Cabo R, Ulrich S, Akassoglou K,
Verdin E .Suppression of oxidative stress by β-hydroxybutyrate, an endogenous histone
deacetylase inhibitor. Science. 2013 Jan 11; 339(6116):211-4.
47. Sullivan HG, Martinez J, Becker DP, Miller JD, Griffith R, Wist AO Fluid-percussion
model of mechanical brain injury in the cat. J Neurosurg. 1976 Nov; 45(5):521-34.
48. Tanner, Geoffrey R., et al. “Single KATP Channel Opening in Response to Action Potential
Firing in Mouse Dentate Granule Neurons.” Journal of Neuroscience, Society for Neuroscience,
8 June 2011.

67

49. Tavalin, S. J., Ellis, E. F., and Satin, L. S. (1997). Inhibition of the electrogenic Na pump
underlies delayed depolarization of cortical neurons after mechanical injury or glutamate. J.
Neurophys. 77, 632–638.
50. Veech RL, Bradshaw PC, Clarke K, Curtis W, Pawlosky R, King MT. Ketone bodies mimic
the life span extending properties of caloric restriction. IUBMB Life. 2017;69(5):305‐314.
doi:10.1002/iub.1627
51. Violet M, Delattre L, Tardivel M, Sultan A, Chauderlier A, Caillierez R, Talahari S,
Nesslany F, Lefebvre B, Bonnefoy E, Buée L, Galas MC Wheless, J. W. (2008), History of the
ketogenic diet. Epilepsia, 49: 3-5. doi:10.1111/j.1528-1167.2008.01821.x
52. Wheless, J.W. (2008), History of the ketogenic diet. Epilepsia, 49: 3-5. doi:
53. Wisniewski, J.R., Zougman, A., Nagaraj, N., Mann, M. Universal sample preparation
method for
54. Yang H., Shan W., Zhu F., Wu J., Wang Q. (2019). Ketone bodies in neurological diseases:
focus on neuroprotection and underlying mechanisms. Front. Neurol. 10:585.
55. Yellen G. Ketone bodies, glycolysis, and KATP channels in the mechanism of the ketogenic
diet. Epilepsia. 2008;49(Suppl 8):80-82. doi:10.1111/j.1528-1167.2008.01843.x.
56. Ying Deng-Bryant, Mayumi L. Prins, David A. Hovda, and Neil G. Harris.Journal of
Neurotrauma.Sep 2011.1813-1825.
57. Young, W. (1992). Role of calcium in central nervous system injuries. J. Neurotrauma 9,
S9–S25
58. Yuan Q, Liu H, Wu X, Sun Y, Yao H, et al., (2012) Characteristics 14. of acute treatment
costs of traumatic brain injury in Eastern China--a multi-centre prospective observational study.
Injury 43: 2094-2099.

68

